Abstract Development of novel prevention and treatment strategies for herpes simplex virus (HSV) mediated diseases is dependent upon an accurate understanding of the central molecular events underlying the regulation of latency and reactivation. We have recently shown that the transactivation function of the virion protein VP16 is a critical determinant in the exit from latency in vivo. HSV-1 strain SJO2 carries a single serine to alanine substitution at position 375 in VP16 which disrupts its interaction with its essential co-activator Oct-1. Here we report that SJO2 is severely impaired in its ability to exit latency in vivo. This result reinforces our prior observations with VP16 transactivation mutant, in1814, in which VP16 interaction with Oct-1 is also disrupted and solidifies the importance of the VP16-Oct-1 interaction in the early steps in HSV-1 reactivation.
Introduction
Over 80% of the human population is infected with herpes simplex virus type 1 (HSV-1) and/or type 2 (HSV-2). Two key features of infection by HSV, its permanence and its ability to periodically switch from a latent to lytic infection, underlie the pandemic levels of HSV infection ongoing worldwide. Recurrent HSV disease is a major contributor to blindness (Pepose et al. 2006 ) and encephalitis (Stone and Hawkins 2007) , to devastating neonatal disease (Roberts 2009 ), and to increased risk of type II diabetes (Sun et al. 2005) , cardiovascular (Visser and Vercellotti 1993; Mukamal et al. 2004 ) and Alzheimer's (Itzhaki and Wozniak 2008) diseases, and sexually acquired HIV infections (Glynn et al. 2009 ). Despite the importance of HSV reactivation to human health, the regulation of this process remains poorly understood.
In contrast, activation of the viral lytic cycle in a newly infected cell is understood in some detail, at least insofar as it occurs in cultured cell monolayers (Roizman et al. 2005; Knipe 2007 ). Under biologically relevant infection conditions, that is, at a multiplicity of infection less than 1, the viral tegument protein VP16 augments entry into the lytic cycle 10-100-fold depending upon cell type (McFarlane et al. 1992) . Upon infection, VP16 is released into the cell and through interactions with host cell proteins HCF and Oct-1 is recruited specifically to TAATGARAT motifs in the viral immediate early (IE) gene promoters (Wysocka and Herr 2003) . Although VP16 is a multifunctional protein, its transactivation function resides within a carboxyterminal acidic activation domain and a region upstream, termed the core domain, which is required for coactivator interactions (Wysocka and Herr 2003) . Mutations in VP16 that disrupt either coactivator interactions or the acidic activation domain result in viral mutants that exhibit similar phenotypes of diminished IE gene expression and infectivity in the context of low multiplicity viral infection in vitro (McFarlane et al. 1992; Lam et al. 1996; O'Reilly et al. 1997; Smiley and Duncan 1997; Wysocka and Herr 2003; Ottosen et al. 2006) . However, the replication phenotypes in vivo are dramatically different. Strain in1814 bears a four-amino acid insertion following residue 379 (sometimes erroneously cited as 397) that disrupts the interaction of VP16 with Oct-1 on IE gene promoters (Ace et al. 1989; Steiner et al. 1990) . Two activation domain (AD) truncation mutants, RP5 and Δ422, have also been described (Tal-Singer et al. 1999; Thompson et al. 2009 ). The core domain mutant in1814 shows a 20-fold reduction in viral replication in trigeminal ganglia (TG), whereas the activation domain deletion mutant Δ422 shows a 10,000-fold reduction (Thompson et al. 2009 ). Since the late functions of VP16 remain intact in these mutants (Smiley and Duncan 1997; Tal-Singer et al. 1999; Mossman et al. 2000) , these findings reveal that initiation of the lytic cycle in vivo depends almost completely upon transactivation by VP16. Further, these studies suggest that whereas the AD is essential for activity, weak residual interaction of VP16 on IE promoters occurs in the core domain mutant in1814 (Smiley and Duncan 1997) , confirming the importance of the VP16-Oct-1-DNA interaction in the mouse model. The disparity in the phenotypes displayed in vitro and in vivo reveals that despite extensive biochemical detail, understanding of the biological significance of these interactions in the context of the complete viral life cycle is extremely limited.
Interestingly, activation of the lytic cycle from the latent viral genome (reactivation) has been considered to occur via a mechanism independent of VP16 transactivation (Steiner et al. 1990; Sears et al. 1991; Tal-Singer et al. 1999 ). This conclusion was based on ex vivo reactivation studies with VP16 transactivation mutants and attempts to express VP16 from an inducible promoter in vivo (Sears et al. 1991) . In addition, the expectation was that the VP16 tegument protein, which in cultured cells is expressed late in the lytic cycle (Honess and Roizman 1974) would not be present to activate the lytic cycle from the latent genome. Contrary to this expectation, we recently demonstrated that VP16 transactivation function is required for the very early stages in reactivation in vivo (in the context of the intact animal). We observed that neurons latently infected with the in1814 mutant virus failed to exit latency and generate viral proteins. Other reports eliminate other candidate viral proteins as essential for the exit from latency Thompson and Sawtell 2006; Thompson et al. 2009 ). Collectively these observations support the hypothesis that VP16 activates expression of IE genes from the latent viral genome to initiate reactivation from latency in vivo. The importance of defining the regulatory mechanisms controlling in vivo reactivation warrants further examination of this hypothesis. To this end, we now report on the ability of mutant SJO2, an HSV-1 mutant that contains a single amino acid substitution in VP16 which disrupts Oct-1 interaction (Ottosen et al. 2006) and transactivation of IE genes by the VP16 induced complex (VIC), to exit latency in vivo. We propose that expression and potentially post-translational modification of VP16 are essential and early events in the reactivation of HSV-1 from latency in vivo.
Results
The purpose of this study was to further test the hypothesis that in vivo, initiation of the viral lytic cycle from the latent viral genome is dependent upon VP16 transactivation function. Our previous study utilized the well-characterized mutant in1814, which contains an insertion of four amino acids after residue 379 of VP16 (Ace et al. 1989; Steiner et al. 1990 ). Viral mutant SJO2, previously generated and characterized in vitro (Ottosen et al. 2006) , contains a single serine to alanine substitution in VP16 at position 375 (Fig. 1a) . Each of these mutations results in a VP16 protein that in biochemical assays fails to interact with Oct-1, fails to form the VIC, and transactivates a TAATGARAT promoter many fold less efficiently than wt protein in transient transfection assays (O'Reilly et al. 1997; Wysocka and Herr 2003) . Thus our hypothesis predicts that SJO2, like in1814, should be deficient in exiting latency in vivo.
Prior to testing SJO2 in vivo, a rescue of this mutant virus was generated by recombining a DNA fragment restricted to the VP16 gene (bp 103, 441 to bp 105, 107) into SJO2. Three independent isolates were plaque-purified. The restoration of serine at position 375 and the absence of any adventitious mutations in the VP16 gene were confirmed by DNA sequencing (not shown). Because mutants lacking the transactivation function of VP16 enter the lytic cycle inefficiently at low multiplicity, the standard plaque assay (a low multiplicity assay which is used to quantify infectious viral particles) will underestimate the amount of virus present (Ace et al. 1989; Smiley and Duncan 1997; Preston and McFarlane 1998) . The addition of the cell differentiating agent hexamethylbisacetamide (HMBA) increases the plaquing efficiency of in1814 and other VP16 transactivation deficient mutants with minimal effect on wild type virus (Preston and McFarlane 1998) . A comparison of the plaquing efficiency of SJO2, SJO2R, and parental strain KOS in rabbit skin cells (RSC) demonstrated that as reported for in1814 (McFarlane et al. 1992; Smiley and Duncan 1997; Preston and McFarlane 1998) , treatment with 5-mm HMBA resulted in a~10-fold increase in plaques of SJO2 (for example, a typical SJO2 stock yields 1.5×10 7 pfu/ml in the absence of HMBA and 1.75×10 8 pfu/ml in the presence of HMBA). In contrast, SJO2R and parental strain KOS exhibited<1.8-fold differential, confirming that by this criterion, the rescued virus was restored to wild type. In addition, infection of wells of 24-well plates (~5×10 5 RSC per well) at an MOI of 10 revealed that like in1814, mutant SJO2 generated viral titers equivalent to parental strain KOS (6.8×10 6 pfu± 1.4×10 6 and 6.0×10 6 pfu±1.2×10 6 , respectively) when measured by plaque assay in the presence of HMBA.
The in vivo replication of SJO2, SJO2R, and parental strain KOS was evaluated in groups of male, 8-10 week-old DBA2J mice (Jackson) which were inoculated on scarified corneas with either 4×10 6 pfu (SJO2) or 1×10 6 pfu (SJO2R or KOS). The upward adjustment of inoculum titer of SJO2 was used to achieve similar levels of latency between the groups (Sawtell 1997; Sawtell et al. 2006 ; Thompson and Sawtell 2006; Thompson et al. 2009 ). Relative to HSV-1 strain 17syn+, strain KOS reactivates at a lower frequency in our standard model of in vivo reactivation in Swiss Webster mice (~70% vs 35%). In order to ensure that the reactivation and exit from latency assays were sufficiently robust, a preliminary screen of the relative efficiency of reactivation by strain KOS in the more susceptible mouse strain DBA2J compared to Swiss Webster mice was performed. KOS remained largely avirulent in DBA2J mice, but the frequency of reactivation was similar to that of strain 17syn+in Swiss Webster mice (data not shown). On days 2, 4, and 8 pi, eyes and TGs were harvested from three mice/ group, and viral titers were evaluated in individual tissues by plaque assay in the presence and absence of HMBA. The rise and fall of infectious virus production during acute infection in vivo in the eyes and TG of SJO2 and SJO2R infected mice is shown in Fig. 1b, c . These data reveal first that the number of plaque forming units (pfu) measured in tissue homogenates from SJO2 but not SJO2R infected mice exhibits an~10-fold increase (p00.022, unpaired t-test) when plated in the presence of HMBA (McFarlane et al. 1992 ). This confirms the VP16 transactivation deficit in virus replicated in mice infected with SJO2 and also confirms that VP16 transactivation function has been fully restored in SJO2R. Secondly, the maximum titers achieved in the eyes when assayed in the presence of HMBA were not different among the groups (Fig. 1b) . However, the defect in VP16 transactivation in SJO2 resulted in an~8-fold reduction in viral titers in TG when assayed in the presence of HMBA on day 4 pi (p00.03, unpaired t-test) (Fig. 1c) . The VP16 S375A mutation resulted in a less severe replication defect in both the eyes and TG than previously reported for mutant in1814 in Swiss Webster mice, indicating that SJO2 retains some VP16 transactivation function in vivo. To assess the degree to which latency is established in neurons infected with the mutant viruses, we assayed the viral DNA 6 SJO2 or 1×10 6 of either SJO2R or KOS. Replication of SJO2 and its rescuant, SJO2R, or parental strain KOS (day 4 only) in the eyes (b) and TG (c) of infected mice (n03) per group. Single asterisk (*) indicates significant differences (p00.002, unpaired t-test) between viral titers in SJO2 homogenates when plated in the presence or absence of HMBA. Double asterisk (**) indicates significant difference between SJO2 titers (plated with HMBA) and SJO2R titers (p00.004, unpaired t-test). d The number of viral genome copies per 50 ng total DNA in TG pairs latently infected (40 dpi) with KOS (n04), SJO2 (n04), or SJO2R (n04). The box extends from the 25th to the 75th percentiles. The horizontal line indicates the median, and the whiskers show the range present in TG at day 40 pi using quantitative real time PCR as previously detailed . Importantly, the levels of viral genomes were not different among the groups (n04 TG pairs/group) (Fig. 1d) . This result is consistent with the finding that the transactivation impaired mutant in1814 establishes latency efficiently (Steiner et al. 1990; Ecob-Prince et al. 1993a ) and our more detailed quantitative analysis confirming the ability of in1814 to establish latency with a similar number of neurons and copy number profile as wild type and in1814R (Thompson et al. 2009 ). These experiments demonstrate that in the TG, SJO2 mutant virus has diminished replicative capacity but can effectively establish latency. We conclude that VP16 Ser375 is important for lytic replication in TG in vivo.
In order to test the ability of mutant SJO2 to reactivate from latency, groups of mice (n08) latently infected with either SJO2, SJO2R, or KOS were subjected to stress using hyperthermia, and at 22 h post-treatment, ganglia were harvested and processed for infectious virus (n08) using methods previously reported (Sawtell and Thompson 1992; Sawtell 2003; Thompson et al. 2009 ). When assayed in the presence of HMBA, no infectious virus was detected in TG harvested from SJO2 infected mice (0/8), whereas infectious virus was recovered from five of eight mice infected with SJO2R and six of eight mice infected with KOS (p00.04 and p00.009, unpaired t-test). While this finding is consistent with a requirement for VP16 transactivation in reactivation, this assay reflects any deficit that impairs infectious virus production and does not distinguish between a function required very early from one required late in the process.
To test the hypothesis that VP16 transactivation is required at a very early stage in the reactivation process (that is to initiate IE gene expression from the latent viral genome), we employed a sensitive assay to detect the expression of viral proteins in single neurons in the intact ganglia (avoiding tissue loss during processing and sectioning) (Sawtell 2003 (Sawtell , 2005 . We have validated this assay extensively in previous studies Fig. 2 Mutant SJO2 exits latency 50-fold less efficiently than SJO2R. a Mice latently infected with KOS, SJO2, or SJO2R were subjected to hyperthermic stress, and 22 h posttreatment, TG were removed and processed to detect HSV proteins in the whole ganglia using immunohistochemistry. Rabbit anti-HSV-1 antibody (AXL237, Accurate) diluted 1:1000 was utilized as detailed (Sawtell 2003 (Sawtell , 2005 ). Neurons exiting latency are then visualized and counted. Each symbol represents the number of neurons that exited latency in a single TG. n number of TG examined. b Photomicrograph of unsectioned ganglion (KOS infected) containing neurons expressing viral proteins indicating that resident viral genomes have exited latency. c The region of VP16 critical for Oct-1 interaction, including the presence of a serine or threonine at position 375 (dark bar) and a consensus CK2 site (S/T xxE/D), is conserved among VP16 homologues from diverse α-herpes viruses and have demonstrated that viral mutants that cannot fully reactivate (as measured by infectious virus production), including those lacking the viral thymidine kinase or ICP0 (Sawtell 2003; Sawtell et al. 2006 ; Thompson and Sawtell 2006; Thompson et al. 2009 ), do exit latency and express viral protein in neurons following stress in vivo (see Fig. 2b ). Ganglia were harvested from all three groups of latently infected mice prior to heat stress and examined for the presence of neurons expressing viral proteins. In the absence of heat stress, no positive neurons in any of eight TG per group were detected. In contrast, at 22 h following heat stress, neurons expressing viral protein were detected in TG from mice infected with either SJO2R or KOS (Fig. 2a) . Specifically, nine of ten TG infected with KOS and 12/16 TG SJO2R contained a mean of~3 (range of 1-9) neurons positive for HSV proteins, indicating that these neurons had entered the viral lytic cycle (Fig. 2b) . In contrast, only one neuron from a total of 15 TG infected with SJO2 was found to have exited latency. These results are similar to those reported for in1814 and provide further evidence that the VP16 transactivation function is a function critical for the very early stages in the in vivo reactivation process.
In contrast to the in vivo setting, several previous studies have demonstrated that ganglia latently infected with in1814 can exit latency and can produce infectious virus (reactivate) when explanted and maintained in culture (Steiner et al. 1990; Harris and Preston 1991; Valyi-Nagy et al. 1991; Ecob-Prince et al. 1993a , 1993b Thompson et al. 2009) . The expectation, then, is that TG latently infected with SJO2 would also exit latency and reactivate following explant. To test this prediction, TG were harvested from mice latently infected with SJO2 or SJO2R and cultured as described (Thompson et al. 2009 ). At 5 days post-explant, TG were homogenized and the presence of virus determined by plaque assay in the presence of HMBA. Infectious virus was detected in 100% of TG explanted from SJO2 (4/4) and SJO2R (3/3) infected mice. Thus, as shown for in1814, SJO2 can exit latency and reactivate in a VP16-independent manner upon explant whereas upon heat stress in vivo, the exit from latency is more than 50-fold reduced.
These findings solidify the hypothesis that in vivo the very early stages in reactivation from latency occur through a VP16-dependent mechanism. Of interest, VP16 S375 resides in a consensus CK2 site (S/TxxE/D) and can be phosphorylated in transfected cells and by CK2 in a kinase assay (O'Reilly et al. 1997) . Both the CK2 site and a Ser/Thr at position 375 are highly conserved among the α-herpesviruses (Fig. 2c ). Replacing S375 with Thr (phosphorylatable by CK2) but not Ala retains the transactivation function of VP16 in a transactivation assay (O'Reilly et al. 1997 ). Thus, a phosphorylatable amino acid at 375 appears important for regulating the interaction of VP16 with Oct-1-DNA (O'Reilly et al. 1997) . Although not reported here, additional ongoing studies strongly support that phosphorylation of VP16 at Ser375 is an important posttranslational modification that regulates both entry into the lytic cycle and the earliest stages of reactivation from latency in vivo (manuscript in preparation). A role for VP16 at the earliest stages of reactivation requires that its expression be independent of an ongoing lytic cycle. We previously published evidence that VP16 is expressed de novo from the latent viral genome (Thompson et al. 2009 ) and have since identified a region of the VP16 promoter that regulates this de novo expression in neurons (manuscript in preparation). We propose that reactivation (infectious virus production) is preceded by multiple events which occur stochastically in response to stress (Thompson et al. 2009) . From analyses at the cell level, identification of neurons exiting latency as defined by viral protein expression reveals the low probability (~1 in 2-3,000) of a given latently infected neuron proceeding to this stage (Sawtell 1998) . The probability of this event is greatly reduced in the absence of VP16 transactivation (< 1 in 100-150,000). While valuable information can be gained by global analyses in the TG, capturing this process fully will ultimately require the development of tools providing single cell level information on events upstream of viral protein expression. In a recent report, utilizing a novel in vivo strategy to record "promoter activation" in neurons through time in the context of HSV infection, the number of neurons evidencing activity from the VP16 promoter was very low but measurable (Proenca et al. 2011) , consistent with a multi-stage model in which VP16 expression, translation, and posttranslational modification are stochastic events required for the initiation of the reactivation process. Thus activation of the VP16 promoter may not be universally linked to activation of the lytic cycle and loss of neurons. We propose that alignment of both VP16 expression and activity mediated by posttranslational modifications of VP16 that influence cofactor partnering, such as phosphorylation at S375, modulates the exit from latency.
